Abstract ATHENA is a large X-ray observatory, planned to be launched by ESA in 2028 towards an L2 orbit. One of the two instruments of the payload is the X-IFU: a cryogenic spectrometer based on a large array of TES microcalorimeters, able to perform integral field spectrography in the 0.2-12 keV band (2.5 eV FWHM at 6 keV). The X-IFU sensitivity is highly degraded by the particle background expected in the L2 orbit, which is induced by primary protons of both galactic and solar origin, and mostly by secondary electrons. To reduce the particle background level and enable the mission science goals, the instrument incorporates a Cryogenic AntiCoincidence detector (CryoAC). It is a 4 pixel TES based detector, placed <1 mm below the main array. In this paper we report a scientific assessment of the CryoAC observational capabilities in the hard X-ray band (E>10 keV). The aim of the study has been to understand if the present detector design can be improved in order to enlarge the X-IFU scientific capability on an energy band wider than the TES array. This is beyond the CryoAC baseline, being this instrument aimed to operate as anticoincidence particle detector and not conceived to perform X-ray observations.
Introduction
The Advanced Telescope for High Energy Astrophysics (ATHENA) [1] is the second large-class mission in the ESA Cosmic Vision 2015-2025, scheduled to be launched in 2028 towards an L2 orbit. The mission will address the science theme "The Hot and Energetic Universe" [2] , studying some of the most pressing topics in contemporary Astrophysics through X-rays observations. The X-ray Integral Field Unit (X-IFU) [3] is one of the two instruments of the payload. It is a cryogenic spectrometer based on a large array of Transition Edge Sensor (TES) microcalorimeters, able to perform simultaneous high-resolution energy spectroscopy in the 0.2-12 keV band (∆ E = 2.5 eV at 6 keV) and imaging over a 5 arcmin diameter FoV (with 5" pixels). The X-IFU sensitivity is highly degraded by the particle background expected in L2 orbit, which is induced by primary protons of both solar and Cosmic Rays origin, and by secondary electrons. To meet the instrument scientific goals, enabling the characterization of faint or diffuse sources (e.g. WHIM or Galaxy cluster outskirts), it is necessary to reduce this background by a factor ∼100 down to the requirement of 0.005 cts/cm 2 /s/keV. This can be achieved combining a passive electron shielding with the Cryogenic AntiCoincidence detector (CryoAC) [4] , which is a 4 pixels TESbased detector placed within a proper optimized environment surrounding the X-IFU TES array.
In this paper we will report a feasibility study performed to explore the observational capabilities of the CryoAC detector in the hard X-ray band (E > 10 keV). The aim of the study is to understand if the present detector design can be improved in order to enlarge the scientific capability of the X-IFU instrument over a wider energy bandwidth. We remark that this is beyond the CryoAC baseline, being this instrument not aimed to perform X-ray spectroscopy but conceived to operate as anticoincidence particle detector. We will start with a brief overview of the CryoAC detector, in order to show the baseline configuration that represents the starting point for this study (Sect. 2). Then, we will evaluate the detector limit fluxes (Sect. 3) and will examine a case study of its scientific performance taking into account astronomical sources (Sect. 4). The outcome of this scientific assessment will be the detector requirements enabling the CryoAC high energy observational capabilities, which will be reported in the conclusions (Sect. 5).
The Cryogenic AntiCoincidence detector: an overview
The CryoAC detector is placed <1 mm below the X-IFU TES array. The baseline design is based on absorbers made of a single Silicon layer (500 µm thick), where the energy deposited by particles is sensed by Iridium TES sensors. The detector has a bandpass of 5 keV -750 keV (TBC) and its active part covers a full area of 4.6 cm 2 , larger than the main array (2.6 cm 2 ). For redundancy/deadtime issues the detector is divided into 4 indipendent trapezoidal pixels, each one having an area of 1.15 cm 2 and a separated readout chain. These pixels are inserted in an hexagonal silicon frame (i.e. the "rim") mechanically anchored to the cold stage (50 mK) of the Focal Plane Assembly. Each pixel is connected to the rim by means of 3 Silicon bridges, in order to realize a well defined and reproducible thermal conductance towards the thermal bath (see Fig. 1 ). Each readout chain is based on a SQuID device operating in a standard FLL configuration. See [3] , [4] and refs. therein for a more detailed scenario. Fig. 1 The CryoAC detector schematic: 4 trapezoidal silicon pixels connected to a silicon rim by 3 bridges per pixel. On each absorber will be deposited a network of about 100 TESes (here not shown).
Evaluation of the CryoAC instrumental sensitivity
To assess the observational capabilities of an X-ray detector the fundamental quantity to evaluate is its minimum detectable flux. This parameter characterizes the detector performances in terms of signal to noise ratio, determining the instrumental sensitivity and then the suitable astronomical targets. We recall that the minimum detectable flux F min (ph/cm 2 /s/keV) within an observing time t (s) and a ∆ E energy band (keV) can be expressed as [5] :
where n σ is the desired confidence level, A e f f is the X-ray optics effective area (cm 2 ), Q is the detector response function (counts/ photons), A d its geometric area (cm 2 ), B P is the internal particle background level (cts/cm 2 /s/keV), j d is the flux of the diffuse component of the background (ph/cm 2 /s/keV/sr) and Ω is the detector aperture (sr).
In the next sub-sections we will evaluate all the parameters reported above, considering the baseline CryoAC design.
ATHENA mirror effective area
The on-axis effective area of the ATHENA mirror in the range 10-30 keV is shown Fig. 2 . The data has been provided by R. Willingale (private communication) and refers to optics with a mirror module radius R max = 1469 mm, 2.3 mm of rib spacing and a surface roughness of 5Å. For information about the ATHENA optics and their development see [6] . Fig . 2 shows that above 10 keV the mirror area rapidly drops, hitting the value of 1 cm 2 around an energy of 19 keV. Based upon this data, we can already assess that within the ATHENA context the target hard X-ray band is limited in the range from 10 keV to ∼ 20 keV.
CryoAC response function
We define the CryoAC response function as the probability that an X-ray photon focused by the ATHENA optics will be detected by the CryoAC. This function includes several contributions as the trasmissivity of the X-IFU thermal filters, the trasmissivity of the TES array and the quantum efficiency of the CryoAC (i.e. the photoelectric absorption efficiency in the absorber).
To evaluate the CryoAC response we build a Monte Carlo simulation using the Geant4 toolkit [7] . The simulation is based on a simplified model of the X-IFU Focal Plane Assembly (FPA), which includes the five thermal filters (with a total thickness of 280 nm Polyimide and 210 nm Al), the TES array consisting of 3840 pixels of 249 µm pitch (absorber composition is 1 µm of Au covered by 4 µm of Bi) and the CryoAC detector in the baseline design (500 µm thick Silicon absorber).
The result of the simulation is shown in Fig. 3 left. The response function rapidly grows at low energy, showing a maximum around 12 keV (Q max = 0.57 cts/ph), and decreases at higher energies, dropping below the Q = 0.10 cts/ph level above 30 keV. To understand the contribution of the different elements in the FPA to the response function, in Fig. 3 right are reported the respective transmission/absorbtion curves estimated using the X-ray attenuation coefficients tabulated by NIST [8] .
Note that in the reference energy range from 10-20 keV (see Sect. 3.1) the current CryoAC design ensure a good absorbtion efficiency (∼ 40% at 20 keV), and so we do not consider useful to put effort into an upgrade of the absorber characteristics (i.e. the thickness or the material) at this stage. 
In orbit background
The diffuse component of the background has been estimated starting from the hard X-ray spectrum of the Cosmic X-ray Background (CXB) measured by IBIS INTE-GRAL. It has been modeled using the analytical description proposed by Turler et al. in [9] . To obtain the background level we have folded this spectral flux with the optics effective area (Sect. 3.2), the detector response function (Sect. 3.1) and the aperture of a single CyoAC pixel Ω = 0.80 · 10 −6 sr (corresponding to a FoV of 9.4 arcmin 2 ).
The internal particle background has been instead estimated by means of the Monte Carlo simulations already developed to study the X-IFU in-orbit background and drive the design of the CryoAC. These simulations reproduce the L2 environment and the ATHENA mass model, tracking both the primary and secondary particles components (see [10] and refs. therein for a detailed discussion). In this case we have taken into account the use of the X-IFU TES array as "reverse" anticoincidence device. This is the opposite of what happens in observations with the X-IFU array, where it is the CryoAC that discriminates main detector events that happen in both detectors. In this context the main detector can act as an anticoincidence device for the CryoAC, reducing the particle background to some extent despite not being designed/optimized for the scope. The residual particle background level on a CryoAC pixel is roughly constant in the 10-30 keV energy band, counting about 0.012 cts/s/keV.
The estimated background spectra for a single CryoAC pixel in the band 10-30 keV are shown in Fig. 4 . Note that above 10 keV the diffuse X-Ray component of the background is always negligible with respect to the particles one, and so it can be neglected. To better evaluate the sensitivity of the detector, in Tab. 1 are reported the limit fluxes of the CryoAC compared with the reference ones for NUSTAR and ATHENA X-IFU (assuming t = 100 ks and n σ = 5). Point source [12] The result of the first part of this scientific assessment is that the CryoAC can operate as hard X-ray detector without changes in the baseline design, supplying a moderate sensitivity in the 10-20 keV band (Tab. 1). We remark that this narrow energy band is limited by the drop of the optics effective area at high energies, and not by the detector features.
Scientific Simulations
Once assessed the continuum sensitivity of the CryoAC, in this section we will present some scientific simulations of astronomical targets that we have performed to understand the spectroscopic capabilities of the detector. This will allow us to define an optimal reference value for the CryoAC required energy resolution. We point out that at present no requirement has been set for this parameter. The last CryoAC single pixel prototype has been tested with 60 keV photons, showing an energy resolution ∆ E = 11.3 keV (FWHM) [13] due to the test setup. The intrinsic resolution of the detector is estimated to be more an order of magnitude lower.
Crab observation
To have a first reference, we have simulated with XSPEC [15] a 100 ks observation of the Crab Nebula. The Crab spectrum has been modeled as a power law with photon index α = 2.08 and normalization K = 9.3 ph/cm 2 /s at 1 keV [14] . Starting from the quantities evaluated in the previous sections, we have generated several CryoAC response matrices, varying the detector energy resolution from 2 to 20 keV (FWHM). Note that the energy resolution has been assumed constant in the range 10-30 keV. The Crab spectra simulated accounting for the different response matrices are shown in Fig. 6 .
We have fitted the simulated dataset in order to assess the accuracy by which the source parameter could be recovered. The results of the fit are shown in Table 2 , where we have reported the 90% confidence range of the spectral parameter obtained with the different energy resolutions. As expected the spectral resolution deeply influences the observation, significantly conditioning the errors on the recovered parameters. Based upon these results, we can preliminary conclude that an energy resolution of few keV (FWHM) in the 10-20 keV range is necessary to extend the scientific capability of the CryoAC. We want now to evaluate the CryoAC scientific capabilities and the role of its energy resolution in combination with the X-IFU TES array. Given the sensitivity estimated in Sect. 3.4, a target source with a flux of some tens of mCrab observed with an exposure time around 100 ks is needed to have enough counts on the CryoAC for spectral analysis. Bright High-Mass X-ray Binaries (HMXBs) can be considered an ideal candidate in this context. These sources can indeed present an high energy cutoff in the CryoAC energy band (10-20 keV), representing an interesting target for joint TES array/CryoAC observations. As case study, we have therefore simulated the observation of High-Mass X-ray Binary spectra, exploring if the CryoAC could effectively extend the X-IFU energy band. For the HMXBs spectra we have used a simplified model with an absorbed power law spectrum and a high energy cut-off (wabs*highecut*powerlaw in XSPEC), generating several models with different cutoff energies in the range 8-16 keV. The models are shown in Fig. 7 and their parameters are given in Table 3 . Fig. 7 The HMXB spectral models used in the simulations. -50 ks exposure with the X-IFU TES Array only -50 ks exposure with both the X-IFU TES Array and the CryoAC (energy resolution ∆ E = 2keV FWHM) -50 ks exposure with both the X-IFU TES Array and the CryoAC (energy resolution ∆ E = 5keV FWHM)
An example of a simulated spectrum is shown in Fig. 8 . In Tab. 4 are reported the high energy cut-off parameters obtained fitting the simulated spectra. The use of the CryoAC as hard X-ray detector allows to improve the characterization of the cut-off and the folding energies of the sources for E C > 10 keV, whereas the TES array is unable to properly constrain them. Furthermore, note that also in this case the energy resolution of the CryoAC plays a fundamental role in the parameter characterization, significantly influencing the instrument performances.
Finally, in order to evaluate the relevance of this case study in the context of the ATHENA mission, we have analyzed the last ATHENA Mock Observing Plan searching for bright HMXBs. Within the planned X-IFU observations we have found:
-25 HMXB with average source intensity F AV G > 100 mCrab and planned exposure time t = 20 ks -10 HMXB with 10 mCrab < F AV G < 100 mCrab and planned exposure time in the range t = 20 -200 ks
We can conclude that with a CryoAC energy resolution of 2 keV (FWHM) could be possible to characterize these source in the enlarged band up to 20 keV.
Conclusions
We have performed a study aimed to understand if the CryoAC detector onboard ATHENA X-IFU can be optimized in order to extend the instrument scientific capability in the hard X-ray band.
We have found that in the baseline configuration the CryoAC could operate as hard X-ray detector in the narrow band 10-20 keV, with a limit flux (5σ , 100 ks, 1 pixel) of 1.6·10 −12 erg/cm 2 /s (∼ 0.2 mCrab). The energy band is limited by the drop of the optics effective area at high energies, and not by the detector features.
Furthermore, we have found that an optimization of the CryoAC energy resolution could have a scientific return in the observation of bright sources with a spectral cutoff in this band. In this context we present the observation of HMXBs as case study, finding about 35 sources of this type in the ATHENA Mock Observing Plan. The required value that we have identified for the CryoAC energy resolution is ∆ E = 2 keV (FWHM) in the 10-20 keV band.
We remark that the intrinsic resolution of the CryoAC is estimated to be about one order of magnitude lower than this requirement: ∆ E ∼ 0.3 keV (FWHM) @ 15 keV. This value is given by the combination of two components: the electron-hole number fluctuation in the Silicon absorber and the usual thermal contribution related to the system thermal capacity. At present, the main uncertainty in this estimate comes from the evaluation of the absorber heat capacity, which strongly depends on the concentration of free electrons in the sample, i.e. on Silicon doping and resistivity [16] . In this context, an activity to deeply characterize the Silicon wafer to be used for the detector production has been inserted in the CryoAC development schedule. However, given the large margin, the proposed requirement ∆ E = 2keV (FWHM) seems full achievable without significant change in the baseline design.
